We performed threefold shotgun sequencing of the silkworm (Bombyx mori) genome to obtain a draft sequence and establish a basic resource for comprehensive genome analysis. By using the newly developed RAMEN assembler, the sequence data derived from whole-genome shotgun (WGS) sequencing were assembled into 49,345 scaffolds that span a total length of 514 Mb including gaps and 387 Mb without gaps. Because the genome size of the silkworm is estimated to be 530 Mb, almost 97% of the genome has been organized in scaffolds, of which 75% has been sequenced. By carrying out a BLAST search for 50 characteristic Bombyx genes and 11,202 non-redundant expressed sequence tags (ESTs) in a Bombyx EST database against the WGS sequence data, we evaluated the validity of the sequence for elucidating the majority of silkworm genes. Analysis of the WGS data revealed that the silkworm genome contains many repetitive sequences with an average length of <500 bp. These repetitive sequences appear to have been derived from truncated transposons, which are interspersed at 2.5-to 3-kb intervals throughout the genome. This pattern suggests that silkworm may have an active mechanism that promotes removal of transposons from the genome. We also found evidence for insertions of mitochondrial DNA fragments at 9 sites. A search for Bombyx orthologs to Drosophila genes controlling sex determination in the WGS data revealed 11 Bombyx genes and suggested that the sex-determining systems differ profoundly between the two species.
Introduction
The domesticated silkworm, Bombyx mori, has long been used as a model system for basic studies because of its large body size, ease of rearing in the laboratory, and
Communicated by Michio Oishi * To whom correspondence should be addressed. Tel. +81- 29- 838-6120, Fax. +81-29-838-6121, E-mail: kmita@nias.affrc.go. jp economic importance in sericulture. The well-developed genetic resources of this species include more than 400 described mutants, which have been mapped to >200 loci, comprising 28 linkage groups, 1 as well as molecular linkage maps developed by using a variety of markers. [2] [3] [4] [5] [6] In addition, BAC libraries 7, 8 and an EST database based on 36 cDNA libraries totaling more than 35,000 sequences have been constructed. 9 These genetic resources make B. mori an ideal reference for Lepidoptera, and thereby this species facilitates studies of comparative genomics and basic research leading toward new genome-based approaches for sericulture and the control of pest species.
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With the goal of obtaining a draft sequence of the silkworm genome, we used a whole-genome shotgun (WGS) sequencing strategy. The WGS method has been established as the most powerful tool available for generating a draft genome sequence efficiently, quickly, and more cost-effectively than with the alternative, clone-byclone sequencing. [11] [12] [13] [14] Although the accuracy and quality of the resulting sequence data are lower than those obtained using a BAC-based method, as shown in the rice genome project, 15 a WGS approach is, nevertheless, an efficient way of characterizing the genome structure of an organism. We report here our threefold WGS sequencing of the silkworm genome and subsequent analysis.
Materials and Methods

Shotgun library construction
Genomic DNA was isolated from posterior silkglands of 5 th instar larvae on day 3 of strain p50T of B. mori, as described previously.
8 Random DNA fragments were generated using the HydroShear process (GeneMachines Inc., USA). The fragmented DNA was fractionated by agarose gel electrophoresis, and approximately 2-to 3-kb fractions and 7-to 10-kb fractions were excised from the gels. Using T4 DNA ligase (Takara Bio Inc., Japan), the short (2 to 3 kb) fragments were ligated into a pUC18 plasmid vector that previously had been digested with HincII and treated with bacterial alkaline phosphatase. The long (7 to 10 kb) fragments were ligated into a pTWV228 plasmid vector (Takara Bio Inc., Japan) that had been prepared in the same way as pUC18. The ligated DNA samples were introduced into Escherichia coli DH10B by electroporation. We constructed two libraries each for the short and long fragments. Insert sizes were estimated by agarose gel electrophoresis after PCR amplification with vector primers. The estimated insert sizes (mean ± 1 standard deviation) for the shortfragment libraries were 2.0 ± 0.35 kb and 3.0 ± 0.35 kb, whereas those for the long-fragment libraries were 7.0 ± 0.65 kb and 11.5 ± 1.8 kb.
Sequencing
Plasmid DNAs were prepared from overnight cultures by the alkaline lysis method, purified using MultiScreen-FB Plates (Millipore), and used as template DNA in sequencing reactions. Sequencing was performed independently by two sequencing centers. At STAFFInstitute, sequencing was carried out from both ends of plasmid DNAs by using an ABI 3700 capillary sequencer and BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). At Dragon Genomics, sequencing was performed from both ends of amplified DNA with a Templiphi TM DNA Amplification Kit (Amersham Biosciences) using a MegaBACE4000 capillary sequencer and DYEnamic ET Terminator Cycle Sequencing Kit (Amersham Biosciences). The resulting sequence data were evaluated on the basis of Phred scores. 16, 17 Sequence data of ≥500 bases in length with a minimum Phred score of 20 were used mainly for sequence assembly. Additionally, sequence data <500 bases in length were used to increase coverage. Sequence data are deposited in DDBJ under accession numbers BAAB01000001 to BAAB01213289.
RAMEN assembler
The sequences were assembled by RAMEN, a newly developed software program for large-scale whole-genome shotgun sequencing. RAMEN basically follows the overlap layout consensus paradigm, but individual steps have been accelerated by novel or state-of-the-art software implementation ideas such as lookup table generation of seed strings for highly sensitive and rapid detection of overlapping reads, precise alignment by efficient banded dynamic programming, a repeat untangling method of transforming a repeat subcontig flanked by two unique subcontigs into one unique contig, and an efficient multiple alignment algorithm utilizing seeds in the lookup table. These RAMEN algorithms will be described in detail elsewhere (manuscript in preparation).
Assembly criteria
Considering the low (threefold) coverage and the statistics of the whole-genome shotgun reads, we had to carefully tailor each assembly step to this data set to reduce the rate of misassembly. We briefly describe here the particular treatments of this data set.
In the step for extracting high-quality regions from reads, according to common strict criteria, the longest consecutive bases with quality value 16, 17 (QV) scores of >20 were first identified for every raw read. Subsequently, this high-quality range was modestly extended to both sides so that the expectation of error did not exceed three bases according to their QVs. We denote this extended range as the "quality clipped range" (QCR). In the vector masking step, vector sequences around the cloning site were sought in the QCR. Successful identification of the cloning site was followed by elimination of vector sequences from the QCR. Otherwise, to avoid missing vector-derived sequences, we resorted to using the highly sensitive Smith-Waterman algorithm, 18 even though it was computationally costly. When the cloning site was not found by the Smith-Waterman algorithm, we took the deliberate approach of cutting 16 bases from each side of the read to maximize the quality of vector masking. After quality trimming, contaminant removal was carried out by homology search between reads and known contaminants such as E. coli, followed by discarding of reads that had homology to a known contaminant sequence of more than 98% identity over 200 bp.
In the subcontig construction phase, reads that overlapped with each other were combined into subcontigs as long as there was no branch (i.e., repeat boundary 19 ). We then discarded short subcontigs that represented fewer than three reads. In the repeat untangling step, at least two end-pairs were required between two unique subcontigs that sandwiched the middle repeat so as to transform the three subcontigs into one unique subcontig. In the scaffolding step, because not all of the links were necessarily correct, due to experimental error or misassembly, confidence scores were given to individual links. Links whose confidence scores were more than a pre-determined threshold were adopted as long as they were consistent with the links of higher confidence scores. In particular, if appropriate, a link that was supported by only one end-pair could be incorporated into the assembly.
BLAST search
BLAST searches were carried out using BLASTN ver.
2.1.2.
20 Alignments were made using the criteria of >95% identity and >50 bp in length. The coverage was calculated as the ratio of total length of alignments in WGS sequence contigs to the length of the query sequence.
Results and Discussion
Assembly statistics and quality check
Analysis of the Bombyx WGS using the RAMEN assembler program resulted in 213,289 sequence contigs and 49,345 scaffolds. The largest sequence contig was 19,243 bp, and the largest scaffold was 224,537 bp ( Table 1 ). The total scaffold length was 514 Mb; this constitutes 97% of the genome, assuming a size of 530 Mb.
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The total length of scaffolds without gaps was 387 Mb, suggesting that 73% of the genome has been sequenced. The earlier estimate of genome size (530 Mb) was based on DNA reassociation kinetics, 21 whereas a recent determination using flow cytometry indicated a value of 450 to 493 Mb (J. S. Johnston, personal communication). Based on these new values, the sequence coverage could be as high as 86%.
The assembly was computationally evaluated for integrity of mate pairing. Abnormal mate pairs, either with incorrect orientations or with distances that deviated from the mean plasmid library insert size by three standard deviations, would present an estimation of misassembly rate. Among the 674,490 total mate pairs in scaffolds, only 6526 had orientation violations and 27,818 had distance violations (Table 1) . These frequencies of orientation and distance violations are 1.5-fold and 2.4-fold higher, respectively, than those of Anopheles gambiae, 12 which may reflect a unique genome structure for the silkworm. Alternatively, the problem could be derived from the abundance and wide distribution of three kinds of high-copy repetitive sequences as discussed later. The difficulty in assembly may be compounded by the holocentric structure of lepidopteran chromosomes, which, in contrast to the monocentric chromosomes of most Metazoa, have many microtubule attachments (dispersed kinetochores) distributed along the poleward chromosome face. 22, 23 Centromeres are widely found to consist of tandem repeats of short sequences, 24,25 but detailed sequence information on the holocentric structure of lepidopteran chromosomes has not yet been reported.
To estimate the accuracy in assembly and the precise genome coverage, we aligned sequence contigs and scaffolds in five sequenced BAC clones (4L14, 12L03, 544H24, 559G11, and 534E24; Fig. 1 ). BAC clones 4L14 and 12L03 were derived from the 320-kb Bmkettin locus of the Z chromosome, 8 whereas three other BAC clones from different chromosomes were chosen as references. The red bars in Fig. 1 denote the aligned sequence contigs using the criteria of E-value <e-200 and >99% identity, and the scaffold alignments are shown by green bars. Table 2 summarizes the results of the comparison, in which the matching criteria are >99% identity and >500 bp. Sequence contig coverage ranged from 78.2% to 86.6%. The lowest score was obtained for BAC clone 544H24, which contained a high content of repetitive sequences. The comparison between the reference and aligned sequence contigs yielded a total of 0.08% sequence error, which seems reasonable for threefold redundancy. We found 8 misassemblies by checking the 373 alignments of >500 bp in the five reference BACs; this corresponds to a 2% misassembly rate.
Evaluation of the WGS data by alignment of Bombyx genes and ESTs
Searching for known genes in the WGS sequence contigs enables an evaluation of the effectiveness of the WGS data for finding silkworm genes. For this purpose, we chose 50 characteristic Bombyx genes whose complete coding sequences (CDSs) are available in public databases (Table 3) . These genes were derived from Table 3 . Coverage of complete coding sequences (CDSs) of 50 characteristic Bombyx genes in whole-genome shotgun (WGS) sequence contigs.
Criteria for alignment: >95% identity and >50 bp in length. Coverage was calculated as the ratio of total length of alignments in WGS sequence contigs to the length of the CDS. many functional classes, such as receptors, silk-related genes, hormone-related genes, diapause-related genes, transcription factors, biological defense-related genes, etc., but none were housekeeping genes. Thirty-two of the 50 genes sampled had more than 90% coverage in WGS sequence contigs, whereas only two genes showed <50% coverage (Table 3 ). This suggests that the complete structures of about 60% of Bombyx genes can be uncovered in the WGS sequence contigs. The lowest matching was the fibroin heavy-chain gene, in which a repetitive sequence tandemly repeats throughout most of the CDS, thereby preventing accurate estimation of coverage. To achieve the most accurate evaluation of coverage, we carried out alignment of the complete set of 11,202 non-redundant ESTs in SilkBase 9 against the WGS sequence contigs by BLASTN (Fig. 2) . Of 11,202 ESTs, only 39 ESTs failed to align significantly with WGS sequence contigs (<10% coverage), whereas 95% of ESTs sampled showed more than 50% coverage. Because the average EST length is about 600 bp, the aligned lengths of most genes would account for more than 300 bp, which is sufficient to find Bombyx homologs using amino acid sequences of other species in an amino acid BLAST search, tBLASTN. Thus the present WGS data can be used to identify a large fraction of Bombyx genes.
Transposable elements
The silkworm genome is abundant in repetitive sequences derived from transposons or transposon-related dispersed repeats, long terminal repeat (LTR) retrotransposons, non-LTR retrotransposons, class II transposons, and small interspersed repeat elements (SINEs). From the analysis of DNA reassociation kinetics, Gage 21 estimated the content of repetitive sequences in the silkworm genome to be 45%, with 24% estimated to have 50,000 copies and 21% to have 500 copies per genome. Analysis of 320 kb of the Bmkettin region of the Z chromosome 8 revealed that the non-LTR retrotransposons, BMC1 26, 27 and L1Bm, 28 the DNA-type transposon mariner, 29 and the SINE Bm1, 30 which are dispersed throughout this region, account for 16% of the total sequence. This value is comparable to the transposable element content of characterized segments of B. mori autosomes 31 but is different from that in the female-specific W sex chromosome.
32 Table 4 shows the copy numbers estimated from a BLAST search of the Bombyx WGS data for identified transposons, including LTR and non-LTR retrotransposons, and the DNA-type transposon mariner and SINE Bm1, which are highly abundant. Apparently most of these transposons are truncated to 3 regions of <500 bp in B. mori. Altogether there are more than 180,000 copies of repeated elements in the genome, including Bm1 and 3 domains of the most abundant BMC1 and Bm5886 retrotransposons, which means that wellconserved repetitive sequences are located every 2.5 to 3 kb.
A comparison of transposons between B. mori and A. gambiae revealed two distinct aspects. First, the three short repetitive elements derived from BMC1, Bm5886, and Bm1 constituted about 12% of the silkworm genome, whereas many transposable elements with lower copy Table 4 . Copies of typical transposons calculated by BLAST search in whole-genome shotgun sequencing (WGS) data set.
Except for Robertson's mariner and Bm1, sequences were partitioned at every 300 bp, and BLASTN search was performed at a threshold probability of e-10. Full/Partial denotes whether the sequence entry of transposon from GenBank used as query is a full-length or partial sequence.
numbers than are present in silkworm constituted about 16% of the euchromatic component of the A. gambiae genome.
12 Second, in A. gambiae, the proportion of LTR retrotransposons is much higher than that of non-LTR retrotransposons, whereas the silkworm genome showed the opposite tendency. In the W chromosome, which appears to lack evidence of recombination, 33, 34 LTR and non-LTR retrotransposons account for 20% and 44% of the total sequence, respectively, 32 and most of these retrotransposons are present as full-length sequences. These facts suggest that there may be an active mechanism that promotes removal of transposons from the genome.
Integration of mitochondrial DNA
A BLAST search of mtDNA sequences in the WGS data set (matching criteria, >90% identity and >50 bp) showed that nine separate sequences of 58 to 179 bp of mtDNA corresponding to ∼7% of the mtDNA were integrated into the Bombyx genome. Nuclear insertions of mtDNA are found in many organisms, including fungi, insects, vertebrates, and plants. In the grasshopper, the divergence rate between true mitochondrial and nuclearmitochondrial sequences is 12.5%, 35 whereas that of human is 33%. 36 In contrast, the fruit fly nuclear genome lacks mtDNA, suggesting that Drosophila, with a genome size of 176 Mb, has a much higher nucleotide deletion rate than other organisms. This appears to contribute to the near absence of pseudogene sequences in the genome. 37 It is likely that the pressure to delete inserted mtDNA from the genome is not as high in silkworm because of its large genome size.
Sex determination-a Bombyx-specific biological
system Sex in Drosophila is determined by the "X/A ratio", the numeric balance of the X chromosomes and autosomes. 38 In contrast, Bombyx determines sex by the presence of the female-specific W chromosome. 39 To clarify the genetic mechanism of sex determination in Bombyx, we looked for homologs of the sex-determining genes of Drosophila somatic cells in the Bombyx WGS sequence (Table 5 ). More than 50% of the Drosophila sexdetermining homologs were found in the Bombyx WGS sequences, although the overall mechanism of sex determination in Bombyx is different from that of Drosophila, whose sex-determining system is closely related to the gene dosage compensation of the sex chromosomes. In Drosophila, five proteins-Male-specific lethal-1 (MSL1), MSL2, MSL3, Males absent on the first (MOF), and Maleless (MLE)-compose a male-specific protein complex with two RNA molecules (roX1 and roX2) coded on the X chromosome to activate transcription of the Xlinked genes only in males. This yields equal amounts of mRNA per cell in both sexes. 40 In contrast, dosage compensation appears to be absent in Bombyx, 8, 41 suggesting that the Bombyx orthologs of MSL-3, MOF, and MLE serve different functions.
Conclusions
We carried out a threefold shotgun sequencing to generate a draft sequence of the silkworm genome. The WGS data were assembled into 49,345 scaffolds. About 97% of the genome was organized in scaffolds, of which approximately 75% were sequenced. Homology searches using 50 characteristic Bombyx genes and 11,202 non-redundant ESTs indicated the validity of the WGS sequence data for identifying Bombyx genes. Analysis of transposons Table 5 . Results of search for Bombyx genes orthologous to Drosophila genes controlling sex determination and gene dosage compensation in somatic cells revealed distinct features of the silkworm genome, including a high frequency (12% of the genome) of three short repetitive elements derived from BMC1, Bm5886, and Bm1 distributed approximately every 2.5 to 3 kb. The WGS data provide a powerful basis for the analysis of many biological phenomena specific to Bombyx and other Lepidoptera.
